Abstract The manner in which an earthquake rupture propagates across a fault reflects both the initial properties of the fault and the dynamical stresses produced by the rupture. We quantify the propagation of an earthquake rupture using the second moments of the earthquake space-time distribution. In particular, the second moments provide a simple way to differentiate between approximately bilateral and predominantly unilateral ruptures. We determined the second moments for a catalog of M w Ն7 earthquakes that have occurred since 1994. The results show that approximately 80% of large shallow ruptures are predominantly unilateral. Our result agrees well with strong-motion inversions from previous studies on moderate and large earthquakes. The predominance of unilateral propagation in large earthquakes is explained by a simple characteristic earthquake model in which large events rupture an entire structurally defined fault segment and nucleation points are uniformly distributed along the fault. The predominance of unilateral rupture may also be enhanced by the dynamic stress field produced by contrasts in the elastic properties between the two sides of plate boundary faults.
Introduction
There is great variety in the manner in which an earthquake rupture spreads across a fault. The 1992 M w 7.2 Landers earthquake nucleated at the southern end of the Johnson Valley fault and propagated almost exclusively to the northwest (Wald and Heaton, 1994) . In contrast, the 1989 M w 6.8 Loma Prieta earthquake nucleated in the center of its rupture area and then propagated to both the northwest and southeast along strike (Beroza, 1995; Wald et al., 1991) . Although the fundamental difference between these two styles of rupture, unilateral (Landers) versus bilateral (Loma Prieta), is clear from estimates of their slip distributions, it is not often quantified. Earthquake catalogs represent earthquakes as point sources (either epicenter or centroid) and hence contain no information about their rupture propagation.
To quantify where a particular earthquake lies on the scale ranging from bilateral to unilateral, we use the simplest representation of an earthquake that contains information about rupture directivity, the point-source representation plus the second-degree moments (Backus and Mulcahy, 1976a,b; Backus, 1977a) . Assuming a constant moment tensor during rupture (M(r, t) ‫ס‬ M f (r, t)), the second-degree moments, which include the spatial and temporal variances of the moment-release distribution, are defined as *Present address: Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543. 
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(1,1)l ‫ס‬ f (r,t)(r ‫מ‬ r )(t ‫מ‬ t )dVdt,
0 0 ΎΎ where ḟ(r, t) is the scalar source-space-time function that describes the spatial and temporal distribution of moment release, and (r 0 , t 0 ) denote the spatial and temporal centroids. (2, 0) and (0, 2) denote the second central spatial and temporal ll moments, and the mixed moment, (1, 1) , which is analogouŝ l to the directivity parameter of Ben-Menahem (1961) , describes the overall rupture directivity (McGuire et al., 2001) .
For a general source model where the moment tensor varies in space and time, the second moments are a fourthorder tensor that cannot be uniquely determined from the displacement field Backus (1977a,b) . In this case, the quantities (2, 0) , (0, 2) , and
(1,1) represent the projection of thê lll full fourth-order tensor through the average moment tensor, M . A similar projection is necessary to define a centroid location for a general source model (see Dahlen and Tromp, [1988] , p. 169). Bukchin (1995) showed that in the case of a constant moment tensor, the second-order moments of ḟ(r, t) are uniquely determined from the displacement field. Figure 1 . Map of the 1992 Landers earthquake region. The triangle and circle denote the event's centroid location and epicenters, respectively. The gray ellipses represents the second spatial moment, (2, 0) , l and the arrow represents the mixed moment between space and time,
(1,1) (scaled to the length of v 0 s c ), l which were computed from the slip model of Wald and Heaton (1994) .
(1,1) describes the overall direcl tivity of the event, which was to the northwest along the strike of the fault.
Although in detail many, if not all, earthquakes have deviations from a constant moment tensor, the effect on the lowfrequency wave field is usually small at least compared to the noise caused by lateral heterogeneity. Riedesel and Jordan (1989) searched a catalog of 60 earthquakes for frequency dependence of the seismic moment tensor at low frequencies (Յ11 mHz) but found none that were statistically significant. Thus, although the quantities we determine are a projection through this average moment tensor, they are still interpretable in terms of the location and dimensions of the source volume.
The values of (2, 0) and (1, 1) for the Landers earthquakê ll slip distribution determined by Wald and Heaton (1994) are shown in Figure 1 along with the surface trace of the Landers rupture. The overall northwestward directivity of this event leads to the (1, 1) vector pointing along the strike of the fault l to the northwest. The second spatial moment can be represented as a three-dimensional ellipsoid that contains the characteristic rupture volume. The surface projection of this ellipse for the Landers event denotes the portion of the fault that produced the majority of the seismic moment release in this event (Fig. 1) .
Following Backus (1977a) and Silver and Jordan (1983) , we define the characteristic dimension, x c (n ), of the slip distribution in a direction n , the characteristic duration s c , the characteristic length L c , the characteristic (or apparent rupture) velocity v c , and the average velocity of the instantaneous spatial centroid, v 0 :
where M 0 is the seismic moment and x c (n ) has its maximum value, L c , when n corresponds to the eigenvector associated with the largest eigenvalue of (2, 0) . Another way to expresŝ l the magnitude of the directivity in a rupture is through the characteristic propagation distance of the centroid, L 0 ‫ס‬ v 0 s c . Owing to the weighted average nature of the second moments, the characteristic dimensions of a rupture are always smaller than its total dimensions, but they provide an estimate of the region that contributed significantly to the moment release.
For a unilateral (Haskell) rupture where slip nucleates at one end of a rectangular fault and propagates to the other at a rupture velocity v with a uniform slip distribution, v c ‫ס‬ v 0 ‫ס‬ v. However, for a symmetric bilateral rupture that initiates in the middle and propagates to both ends of a fault at rupture velocity v with a uniform slip distribution, v c ‫ס‬ 2v and v 0 ‫ס‬ 0 because the instantaneous centroid does not move during the rupture. Thus, although these two cases have the same static (final) slip distribution, their kinematical differences are apparent in the relative magnitudes of v c and v 0 , or equivalently, L c and L 0 .
The slip distributions determined for the Loma Prieta and the Landers earthquakes differ significantly in their relative magnitudes of v c and v 0 . The Landers event slip distribution determined by Wald and Heaton (1994) has a v c of 2.8 km/sec and a v 0 of 2.2 km/sec. Thus the directivity ratio v 0 /v c , which ranges from 0 for a symmetric bilateral rupture to 1 for a uniform-slip unilateral rupture, is about 0.79 for Landers, confirming its well-known unilateral nature. For Loma Prieta, the ratio of v 0 /v c was much smaller, confirming its qualitatively bilateral rupture. Owing to differences between the slip models in the strengths of the two main asperites, the directivity ratio for Loma Prieta ranges from 0.1 (Wald et al., 1991) to 0.47 (Beroza, 1995) . Thus, bilateral ruptures correspond to v 0 /v c Յϳ 0.5, whereas predominantly unilateral ruptures correspond to ϳ0.5 Յ v 0 /v c Յ 1. Therefore, by determining the second moments, which specify v c and v 0 , we can differentiate between a rupture similar to Loma Prieta and one similar to Landers.
Data Analysis
We determined the second-degree moments for a catalog of 25 earthquakes with M w Ն7.0 that occurred between 1999 (Fig. 2) using the method described by McGuire et al. (2001) . To isolate an earthquake's finitesource effects, we compared data seismograms with syn- Table 1 .
Bold nodal planes denote the presumed rupture plane as identified by having the smaller value of x c (n), where n is the direction normal to the nodal planes (see McGuire et al., 2001) . The correct fault plane was identified by this test for 18 of the 19 earthquakes that could be verified by either other studies using local data or by plate boundary geometry. The exception, the 5 December 1997 Kuril earthquake, ruptured primarily along the N axis of its focal mechanism, making it more difficult to distinguish between the two nodal planes.
thetics calculated for a point source by normal-mode summation for the preliminary reference earth model (PREM) earth model (Dziewonski and Anderson, 1981) , corrected for three-dimensional elastic structure. The small differences between the data and synthetics were quantified for the lowfrequency first-orbit Rayleigh and P waves as differential phase-delay and amplitude measurements. The differential amplitude measurements primarily result from the second moments (McGuire et al., 2001 ), which were not incorporated in the point source (zeroth and first moment) synthetics. The differential amplitude and phase-delay measurements were inverted for the second moments as well as for changes to the assumed point-source parameters. Figure 3 shows the differential amplitude measurements for the 1994 Honshu subduction zone thrust earthquake and the 1999 Izmit strike-slip earthquake. The rupture directivity is manifested in these measurements as low-amplitude surface-wave arrivals at the azimuths opposite the primary propagation direction because of the destructive interference these waves experience relative to the amplitude predicted for a point source.
The differential phase-delay and amplitude measurements at low frequencies are linearly related to the second moments. However, a standard linear inversion for the second moments is often very nonunique (see Das and Kostrov, 1997) . We stabilized our inversion by incorporating the physical constraint that the four-dimensional source region has nonnegative volume. This constraint, which is an inherent property of all earthquakes, is equivalent to requiring the 4 ‫ן‬ 4 matrix,
(1,1) (0,2) ΄ ll to be positive semidefinite. We enforce this constraint on our solution using the semidefinite programming approach of Vandenberghe and Boyd (1996) (see McGuire et al. [2001] for more detail). This constraint greatly reduces the nonuniqueness in the second-moment estimation. The largest source of error in our estimates likely results from unmodeled propagation effects. These effects may be correlated for nearby stations. To estimate the size of the uncertainty associated with these and other errors we have used a grouped jackknife method. For the events in this article, we have formed 12 subsets of the data by deleting all the stations within each of 12 30Њ azimuthal bins. Each of the 12 subsets were inverted using the semidefinite programming algorithm for an estimate of the 10 centroid moment tensor (CMT) and 10 second-moment parameters. These 12 estimates were then combined to estimate the covariance matrix for the model parameters (see McGuire et al., 2001) . In Table 1 we present estimates for several quantities that are derived from the second moments using the expressions in equation (3). The uncertainties are derived from the covariance matrix of our second-moment estimates using standard error propagation equations (see Bevington and Robinson [1992] , p. 41). Figure 4 compares our estimates of the 2nd moments for the 17 August M w 7.4 Izmit, Turkey, earthquake to slip distributions determined with local strong-motion data by Yagi and Kikuchi (2000) and Bouchon et al. (2000) . Our The open squares are the measurements, and the filled circles are the fit to them by our estimates of the second moments. The low amplitudes at stations to the east indicate that this rupture propagated mainly to the west, namely, in the downdip direction of subduction. The four panels show measurements made at different frequencies on R1 and P waves. (b) Amplitude measurements for the 1999 M w 7.5 Izmit earthquake. The low amplitudes at stations to the east and west indicated a partially bilateral rupture that propagated mainly to the east. estimate of L c , 52 ‫ע‬ 7 km, lies between the values from the two strong-motion inversions (73 and 44 km, Fig. 4 ). The total rupture length of this earthquake is somewhat uncertain because the western portion of the fault lies underwater (Bouchon et al., 2000) . Although the Izmit rupture expanded in both directions along its fault, the average directivity vector, (1, 1) , as estimated by our teleseismic study and as call culated from the strong-motion inversions, pointed to the east because of the greater extent of the rupture in this direction. Our estimated magnitude of the directivity vector, 42 ‫ע‬ 12 km (L 0 ‫ס‬ v 0 s 0 ), is slightly longer than that of either strong-motion inversions (31 and 32 km). The uncertainty in the total rupture length causes the values of the directivity ratio, v 0 /v c ‫ס‬ L 0 /L c , to be different (.42 versus .73, see Fig.  4 ) for the two local studies. From these two studies it is clear that the uncertainty in v 0 /v c determined from the local data for this event is comparable to the uncertainty in our teleseismic estimate. The overall agreement in the magnitude and direction of L c and L 0 for our inversion and the strongmotion studies indicates that we can adequately resolve the character of large earthquake ruptures using only teleseismic data (Fig. 4) .
The majority of large earthquakes in our catalog, 20 out of 25, have v 0 Ն 0.5v c , indicating dominantly unilateral ruptures (Fig. 5a, Table 1 ). Only five events were bilateral ruptures (v 0 Յ 0.5v c ) similar to Loma Prieta. We also calculated the directivity ratio for 22 strong-motion inversions for 17 moderate to large earthquakes performed by other authors (Table 2) . Only 4 or 5 out of 17 of these earthquakes had directivity ratios less than or equal to 0.5, indicating approximately bilateral ruptures (Fig. 5b) . Combining these two datasets shows that the majority of large earthquake ruptures are predominantly unilateral and that the most commonly observed directivity ratios are those between 0.7 and 1.0 (Fig. 6) . A ratio of v 0 Ն 0.5v c appears to be a general feature of large earthquakes.
Potential Mechanisms That Favor Unilateral Rupture
Numerical simulations of dynamic rupture show that a contrast in elastic properties between the two sides of a fault generates an interaction between the normal stress and fault slip that is not present in a homogenous medium (Harris and Day, 1997; Ben-Zion and Andrews, 1998; Ranjith and Rice, 2001) . It has been shown that for reguralized friction laws, this interaction produces a preference for unilateral propagation in the direction of slip of the slower medium (Cochard and Rice, 2000; Ben-Zion and Huang, 2001 ). Rubin and Gillard (2000) proposed that this effect may explain the asymmetric aftershock distributions of small earthquakes found on the central San Andreas fault. Although the details of the elastic structure in the source regions of the events in Table 1 are unknown, they primarily broke plate-boundary faults and hence may have involved material contrasts that (Bouchon et al., 2000; Yagi and Kikuchi, 2000) . Triangles denote the centroid locations, and circles denote the epicenters of the studies. Red ellipses denote (2, 0) , l and arrows denote (1, 1) scaled to the length of v 0 s ĉ l (see McGuire et al., 2001) . One-meter contours in the top two panels denote the slip distributions determined by Bouchon et al. (2000) and Yagi and Kikuchi (2000) from which the second moments were calculated (Table 2) . favored the abundance of unilateral rupture seen in Figure  5a . One type of plate boundary for which this hypothesis can be considered in more detail is subduction-zone thrust interfaces. The elastic structure surrounding these faults is approximately two-dimensional with little variation along strike. Therefore, if a contrast in elastic properties was responsible for the unilateral ruptures on these faults, their ruptures would propagate dominantly updip or downdip. For instance, if large thrust events rupture the interface between the overlying mantle and the more compliant subducting sediment layer, rupture propagation in the downdip direction would be favored. Thatcher (1989) and Scholz (1990) noted that subduction thrust events often nucleate near the downdip end of the eventual rupture zone, suggesting that updip directivity may be common. Because the material properties of the various subduction interfaces ruptured by the events in our dataset are unknown, we cannot necessarily predict whether updip or downdip rupture should be favored in general. However, because of the two-dimensional nature of subduction interfaces, along-strike rupture would not be favored by this mechanism. There are 12 subduction zone thrust events in Table 1 , 9 of which are dominantly unilateral ruptures. For none of these nine events does the directivity vector, l (1, 1) , have an azimuth within ‫03ע‬Њ of the updip or downdip directions. For seven of these nine events, the azimuth of the directivity vector lies within ‫03ע‬Њ of the alongstrike direction. Thus, material property contrasts are unlikely to be the primary cause of the predominance of unilateral rupture seen in the large, M Ն7, earthquakes in Figure 5a .
The unilateral nature of the subduction ruptures appears to be related to the along-strike length of the seismogenic zone being greater than the downdip width. Moreover, these events appear to nucleae at one end of their eventual rupture area and propagate primarily unilaterally along strike to the other end of this region. Several authors (Mogi, 1969; Kelleher et al., 1974; Scholz, 1990) have noted that subduction zone events tend to nucleate and terminate at structural irregularities that can be recognized as bathymetric features.
The preference for ruptures with v 0 Ն 0.5v c may also result from preexisting structural controls on rupture size. Large earthquake ruptures are often expected to be stopped at fault segment boundaries (Harris and Day, 1991) . The characteristic earthquake model (Schwartz and Coppersmith, 1984; Wesnousky, 1994) predicts that a large earthquake will rupture in both directions along the strike of a fault until it reaches the discontinuities at the end of the fault segment in which the rupture nucleated. We constructed a simple version of this model, a one-dimensional fault where all earthquakes rupture the entire fault with a uniform slip distribution. Thus, the only variable parameter is the location of the epicenter with respect to the fault ends. A uniform distribution of epicenters along the fault leads to a predominance of unilateral rupture for this model. Figure 7 presents the distribution of directivity ratios (L 0 /L c ) produced by this one-dimensional fault-segment model. The fault-segment boundaries lead to half of the ruptures propagating at least 3 times as far in one direction as they do in the other, and hence the preference for directivity rations greater than 0.7. Thus, fault-segmentation need only control the termination of rupture to produce the preference for unilateral ruptures seen in our global study.
Uniform slip does not accurately represent most earthquakes. Thatcher (1989) suggested that large subduction earthquakes tend to nucleate near small regions of high slip (asperities). To simulate this potentially more realistic scenario, we added a region of high slip to the one-dimensional fault model described above and nucleated all simulated events at the boundary of the asperity. As long as the asperity length is small (Յ20% of fault length, i.e., similar to that observed by Thatcher [1989] ) and randomly distributed along the fault, the distribution of directivity parameters remains similar to that shown in Figure 7 . However, as the asperity length increases (as a percentage of total fault length), the relative abundance of unilateral ruptures in- Figure 1 and Table 1 . Lines denote slopes of 0 (bilateral), 0.5, and 1 (unilateral). Circles denote strike-slip earthquake, triangles denote thrust events, and squares denote dip-slip events. (b) Similar plot for the strong-motion inversions listed in Table 2 . Table 2 Characteristic Rupture Dimensions of Strong-Motion Slip Models The slip distributions were obtained from the U.S. Geological Survey variable-slip, finite-fault source model repository (http://pasadena.wr.usgs.gov/ office/wald/slip_models.html) and Martin Mai's compilation (personal comm., 2001). creases owing to the weighted average nature of the second moments. Thus, adding the complexity of slip heterogeneity to this model will only increase the preference for events with v 0 Ն 0.5v c as long as the ruptures propagate to both ends of the fault.
The second-degree moments provide a clear way to quantify earthquake rupture directivity. Both our study of large earthquakes based on teleseismic data and the studies of moderate to large earthquakes by other authors using strong-motion data indicate that the majority of large earthquakes have a predominantly unilateral rupture with v 0 Ն 0.5v c . Although material property contrasts may explain earthquakes in certain areas, fault-segmentation appears to provide a more likely explanation for the predominance of unilateral rupture we observe in large earthquakes. To explain our observations, it is only necessary for the segmentation to control the termination of large ruptures. If initiation also preferentially occurs at segment boundaries, this would further enhance the predominance of unilateral rupture.
Our observations quantify what appears to be a general property of large earthquake dynamics. Because of the large effects of directivity on near-field ground motions, it may be advantageous to build rupture models with v 0 Ն 0.5v c into seismic hazard estimates.
